Abstract -Matrix degradation and proteoglycan loss in articular cartilage is a feature of early osteoarthritis. To determine the effect of matrix degradation and proteoglycan loss on ultrasound propagation in cartilage, we used papain and interleukin-1 a to degrade the matrix proteoglycans of human and bovine cartilage respectively. There is also minor collagen alteration associated with these chemical degradation methods. We compared the speed of sound and frequency dependent attenuation (20 to 40 MHz) of control and experimental paired samples. We found that a loss of matrix proteoglycans and collagen disruption resulted in a 20 -30 % increase in the frequency dependent attenuation and a 2 % decrease in the speed of sound in both human and bovine cartilage. We conclude that the attenuation and speed of sound in articular cartilage are sensitive to experimental modification of the matrix proteoglycans and collagen. These findings suggest that ultrasound can potentially be used to detect morphologic changes in cartilage associated with the progression of osteoarthritis.
INTRODUCTION
Previous investigations using high frequency ultrasound tissue characterization have demonstrated that chemically induced removal of matrix proteoglycans in bovine cartilage leads to changes in the frequency dependent attenuation and the speed of sound [1, 2] . It has also been shown that experimentally-induced matrix degradation can alter the ultrasound backscatter signal from bovine and rat cartilage [3, 4] . Recently, Toyras et al. have shown that exposure of articular cartilage to matrix 0-7803-6365-5/00/$10.00 0 2000 IEEE degrading enzymes, chondroitinase ABC and collagenase, results in changes to the echogenicity as well as the speed of sound. Previous investigations into the effects of matrix degradation on frequency dependent attenuation and speed of sound performed on human articular cartilage had difficulty in showing significant changes in speed of sound or attenuation [5] . The purpose of this study was to determine the effect of experimentally-induced matrix degradation and collagen alteration on the speed of sound and the frequency dependent attenuation in human and bovine articular cartilage, in the 20 to 40 MHz range. Osteoarthritis-like changes were induced in human and bovine cartilage samples using two independent models. Human cartilage was digested in papain, an enzyme that degrades the matrix proteoglycans of articular cartilage while imparting minor damage to the collagen network at low concentrations [6] . Bovine cartilage explants were incubated in interleukin-la, a cytokine that promotes the release of collagen and proteoglycan specific proteinases by the chondrocytes [7] . We performed ultrasound tissue characterization on these two models of experimental matrix degradation and compared the changes in the acoustic parameters between control and matrix degraded cartilage specimens.
METHODS
In Vitro Digestion of Human Articular Cartilage with Papain Seven young normal cartilage specimens were obtained for analysis from 24 and 30 year old patients. A second group of human articular cartilage specimens were obtained from the femoral condyles of twenty-four patients, 18 female and 6 male, undergoing total knee arthroplasty for osteoarthritis. These samples were selected from regions of the condyles that were visually judged to be the least affected by osteoarthntis. The mean age of the patients was 71 f 7 years of age. Femoral condyles were cut into 24 pairs of samples of 5 mm width, adjacent to one another, to serve as digested and control specimens. Adjacent samples were chosen in order to provide a good control for the experiment. For each sample pair, the experimental specimen was incubated in a solution of 0.3 % Papain (Sigma P-3 125). Both control and experimental specimens were incubated for 10 hours at 37 "C. A portion of each specimen underwent proteoglycan specific Safranin 0 staining, while the remainder underwent ultrasonic tissue characterization.
Bcvine Cartilage Explants Cultured with

Interleukin-I cy
Normal bovine cartilage was obtained fresh. Two stifle joints from young steers, with intact synovial capsules, were selected for use and stored at 0 "C during transport to preserve the cartilage and chondrocytes in their natural environment. Each pair had one sample cultured in interleukinla, while the other served as a control. Experimental cartilage explants were cultured in serum-free media, along with 5 ng/ml of recombinant human interleukin-1 a , while control explants were cultured in serum-free media alone. All explants were incubated at 37 "C and 5 % COZ for 11 days.
Ultrasonic Tissue Characterization
The methods used for calculating the ultrasonic frequency dependent attenuation and speed of sound were based on those previously described by D'Astous and Foster [8] . The setup consisted of a radio frequency (RF) pulser and a 30 MHz PVDF transducer manufactured in our laboratories, as well as electronics that have been previously described [91.
Prior to ultrasonic tissue characterization, the cartilage specimens were cut, in order to detach the articular cartilage from the underlying bone. These small cartilage plugs were placed in a sample holder, consisting of a quartz reflector plate and a resinite cover film to hold the sample in place, as shown in Figure 3 . The entire tissue mounting stage was kept in 1 YO phosphate buffered saline at 37 "C throughout the experiment. Data acquisition consisted of collecting a raster pattern (350 pm x 350 pm) of 64 RF lines, with 50 pm separation between individual acquisition points. The transducer's motion was controlled by a computer and a Burleigh 7000 micro-positioning system. The RF lines were collected by a digital oscilloscope and stored for further analysis. Data analysis for calculation was performed with Matlab software using the algorithms of D'Astous and Foster to calculate frequency dependent attenuation in the 20 to 40 MHz frequency range as well as the speed of sound in cartilage specimens [8] . Speed of sound was calculated using pulse-echo time of flight, while frequency dependent attenuation coefficients were measured using the insertion-loss technique. Once calculated, the frequency dependent attenuation coefficients were fitted to Equation 1:
where y represents the frequency dependent term of the attenuation coefficient, and a, is a constant term. a = a,fYdB 1111~1-l MHz-' (1)
Analysis of Data
Data are summarized as mean k standard error in the mean, unless indicated. To analyze the changes in the results from the control and experimental cartilage samples, we performed a paired Student's t test on measurements of the frequency dependent attenuation and the speed of sound. We considered differences significant at p < 0.05.
RESULTS AND DISCUSSION
Acoustic Parameters of Young Normal Human Cartilage
The measured value of the speed of sound was 1666 k 16 m/s for the 7 young normal samples. This value is in good agreement with the results from the literature characterizing the speed of sound at 1665 d s in human articular cartilage [ 
101.
A summary of the frequency dependent attenuation is presented along with data from papain digested cartilage in Figure 1 .
Ultrusonic Tissue Characterization of Pupain Digested Human Cartilage
The mean speed of sound was 2 % lower in the 24 proteoglycan depleted cartilage samples than in the 24 corresponding control cartilage samples (1642 k 9 vs. 1664 f 7 ds), p = 0.03. The mean attenuation coefficient, measured at 30 MHz, was 20 96 higher in the 24 papain digested cartilage samples than in the 24 corresponding control cartilage samples (8.5 k 0.5 vs. 7.1 f 0.4 dB/mm), p = 0.02. A summary of the frequency dependent attenuation data for the 24 paired control and papain digested human cartilage samples along with the 7 young normal cartilage samples is presented in Figure 1 . The data for all populations were fitted to Equation 1 and these lines of best tit are also displayed on Figure 1 . We observed that the mean attenuation was highest for the papain digested cartilage, and lowest for the young normal cartilage specimens, while the control cartilage specimens was intermediate between the digested and normal. This suggests that the control cartilage specimens obtained from arthroplasty were already at an intermediate stage of the osteoarthritis disease process. 
Figures 2 and 3 :
Safranin Orange stained photomicrographs of control and papain digested human cartilage.
Tissue Charucterizution of Bovine Curtiluge Explants Cultured in Interleukin-I a
The mean speed of sound was 2 % lower in the 12 interleukin-1 cultured cartilage samples than in the 12 corresponding control cartilage samples (1631 1-17 vs. 1666 f 8 m/s), p = 0.04. The mean attenuation coefficient, measured at 30 MHz, was 30 % higher in the interleukin-1 cultured cartilage samples than in the corresponding control cartilage samples (9.1 1-1.0 vs. 6.8 k 1.2 dB/mm), p = 0.04. A summary of the frequency dependent attenuation data for the 12 paired control and proteoglycan depleted bovine cartilage samples is presented in Figure 4 . The mean attenuation coefficient was greater following matrix degradation of the bovine cartilage compared with the control specimens, similar to those results observed in human cartilage. Our results in human and bovine cartilage demonstrated that experimentally-induced matrix degradation resulted in a 20 to 30 % (p < 0.05) increase in the frequency dependent attenuation. A previous investigation by Agemura et al. compared attenuation coefficients after depleting adult bovine Cartilage proteoglycans [ 1, 2] . Contrary to our observations, their work performed at 100 MHz showed a decrease in the attenuation coefficient following proteoglycan depletion. The attenuation coefficient of the control samples, which were obtained from osteoarthritic patients during total knee arthroplasties, was consistently higher than the attenuation for young normal cartilage. Similarly, the papain digested cartilage had a consistently higher attenuation than that of the control specimens.
The observed increase between proteoglycan depleted and control cartilage specimens was statistically significant (p < 0.05), as was the observed increase between young normal and control samples (p < 0.05) when verified with an unpaired Student's t test. We suggest that the control human cartilage samples had a frequency dependent attenuation higher than the young normal samples because they had already undergone some osteoarthritic changes prior to removal during knee arthroplasty. Hence, the control cartilage samples may have already been depleted of some matrix proteoglycans. In summary, the experimentally-induced degradation of the matrix in human and bovine articular cartilage increases the attenuation coefficient by 20 to 30 % and decreases the speed of sound by 2 % in the 20 -40 MHz range. These changes are consistent in two independent models of matrix degradation in both human and bovine articular cartilage samples.
The ultrasonic properties of articular cartilage may be sensitive to the concentration of matrix constituents, such as proteoglycans and collagen.
Because matrix degradation and proteoglycan loss occurs in the early stages of osteoarthritis, we believe that ultrasound tissue characterization may potentially have a role in the assessment of articular cartilage during osteoarthritis progression.
